Herein is presented a numerical methodology for a static resistance analysis of symmetrically loaded multiplanar KK joints in circular hollow steel sections. This methodology addresses factors related to the simulation of KK joints such as the material properties, the boundary conditions, mesh generation and refinement, incremental load steps and failure criteria. An objective criterion is proposed to identify the two failure modes most often occurring in KK joints. Failure mode 1 is observed when two neighboring diagonal braces loaded in the same sense act as one brace penetrating the chord together. In the failure mode 2, excessive deformation is observed in the chord region between two neighboring braces, folding the chord wall. However, in some cases the failure mode is not easily identified or both failure types are present. The proposed criterion objectively identifies the failure mode. In order to compute the joint resistance, an important failure criterion often adopted in literature for uniplanar K joints is the one known as Lu's deformation. In this paper, a strategy is proposed, which is an extension of Lu's criterion for multiplanar KK joints.
Introduction
Tubular components are commonly employed in structures when their use permits lighter construction or a reduced number of pieces. In infrastructure applications, this typically occurs in long span structures (30-50 m or more) such as stadium roofs, airports, convention centers, bridges, telecommunication towers, and offshore equipment. For these structures, the multiplanar configuration ( Figure 1 ) with a circular hollow section is widely employed. The design of multiplanar hollow KK joints traditionally follows the guidelines for uniplanar joints, which were developed based on laboratory test results and most recently revised based on Finite Element simulations (van der Vegte and Wardenier 2014) . The standard practice is to treat every plane separately and to multiply the resistance by a unique correlation coefficient that is independent of the joint geometry.
Figure 1
Geometric parameters of multiplanar KK joint.
Numerical methodology for analyses of tubular KK multiplanar steel joints
The study of multiplanar interaction effects on the static resistance of tubular joints dates back to 1984, when Makino et al. (1984) described a series of tests on multiplanar KK joints in Japan. As the interest in multiplanar joints grew, several studies were undertaken worldwide. Important works on KK joints include Mouty and Rondal (1990) , Makino et al. (1993) , and Paul et al. (1992) . Makino et al. (1984) tested 20 KK joints and identified two failure modes occurring when the joint was symmetrically loaded. Joints with a small transversal gap (gt, Figure 1 ) failed in mode 1 (Figure 2a) , in which the two diagonal braces act in unison without wall deformation in the transversal gap region. Other joints failed in mode 2 (Figure 2b ), in which excessive deformation occurs near the transversal gap. In 1995, Lee and Wilmshurst (1995) presented a finite element analysis of KK joints. This was followed by a parametric study of KK joints (Lee and Wilmshurst 1996) and a study of KK joints under asymmetric loading (Lee and Wilmshurst 1997) . Methodologies for the design of uniplanar and multiplanar joints are presented in the CIDECT manual (Wardenier et al. 2008) , the Eurocode 3 (2005), the Brazilian NBR 16239 (2013), Kurobane (1995) , and Wardenier et al. (2010) . The use of numerical simulation to evaluate the mechanical behavior of joints is adopted worldwide. The latest IIW (2012) and ISO 14346 (2013) recommendations for uniplanar circular hollow section K joints are primarily based on numerical data and checked with experimental results, see van der Vegte and Wardenier (2014) . The geometric parameters of multiplanar KK joints presented in Figure 1 
Numerical simulation
This paper presents a numerical methodology for the static resistance analysis of symmetrically loaded multiplanar KK joints in circular hollow steel sections. This numerical model was applied to a parametric study of KK joints, comparing their joint resistance to those of their equivalent K joints. (Forti et al. 2015) . The joints are calculated using the commercial finite element software ANSYS (2005) .
The element types examined included quadrilateral and triangular nonlinear SHELL181 elements for describing the tubes and quadrilateral and triangular linear SHELL63 elements for the plates at the chord extremities that defined the chord boundary conditions.
Definitions
A multilinear isotropic hardening (MISO) stress-strain curve was used. The von Mises yield criterion was adopted. The simulation parameters affecting the static resistance, such as the boundary conditions, the chord and brace lengths, and the mesh refinement, were selected. A study to define these parameters was performed, and the results are presented.
The construction material was a steel S355 according to EN 10025 (2004) , (σ y = 355 MPa and σ u = 510 MPa) commonly used in the European offshore industry. The stress-strain curve was obtained from van der Vegte et al. (1991) . This material was implemented in ANSYS as the multilinear function depicted in Figure 3 .
Figure 3
Stress-strain curve input to ANSYS.
The boundary conditions are depicted in Figure 4 . They were adopted with the objective that all members would be subject only to axial loads, with no extremity bending moments. The two left braces are under compression, and the two right braces are under tension. The chord has a simple support at the left end (i.e., on the same side as the compression braces) and a pinned support at the right end.
The chord is aligned with the Z axis, and the Y axis is the vertical upward direction. The simple support is simulated as a displacement constraint in the Y direction of all nodes at the left end. However, the pinned support required somewhat more attention. Constraining all nodes in the Y and Z directions would produce a fixed support because the cross section would not be allowed to rotate. To permit rotation but limit horizontal and vertical displacement, an auxiliary plate was placed at the right end of the chord ( Figure 5 ). This plate is thick enough that it undergoes only small strains. Using the plate, all nodes are constrained in the Y direction, but displacement in the Z direction is prevented only for nodes at the center of the plate ( Figure  5b ), permitting the cross section to rotate but preventing displacement. Figure 5a is a diagram of the chord deformation in the vicinity of the pinned support, illustrating the rotation of the section about its center. The forces acting on the braces in one plane of the multiplanar joint are symmetrical to the other plane. The braces are loaded by displacing the end nodes of the compression braces along their axes and toward the intersection. The normal force is then obtained from the support reactions.
Tension braces are only constrained, and no displacement is imposed on their nodes. The normal forces in tension should be equal (if the braces have the same angles) to the compression forces as a consequence of the joint equilibrium. However, the values differ, with the difference decreasing as the chord length increases and the bending rigidity is reduced. A numerical study was conducted to determine the chord length to be used in the simulations. The length of the chord was selected to minimize the difference between the normal forces in the compression and tension braces.
Simulations of one KK joint were performed using a variety of chord lengths. Chords with smaller lengths displayed greater bending rigidity, which induced boundary effects in the simulation solution. The boundary conditions were chosen to produce a simply supported chord having only normal forces at the chord ends. This assumption was intended to reproduce the stress state of pinned trusses, which are subject only to a normal force. However, this condition is only obtained when no eccentricities exist because eccentricities produce moments that are countered by vertical reactions in the chord supports.
Increased chord lengths tend to result in balanced brace normal forces. In the case of braces with the same angles, the normal forces should be of the same value. The results of this study are summarized in Table  1 . The simulated joints had braces with equal angles and with eccentricity. The normal forces in the compression and the tension braces were compared for the loading instant when the diametric deformation (see Section 2.6.2) of the chord was 3%. The brace members were 1.5 m long. Lee and Wilmshurst (1995) recommend a chord length of 14 times the diameter for multiplanar KK joints. In this work, joints with chord diameters up to 141.3 mm were simulated, which when multiplied by 14 yields a length of 1.98 m. When a joint with a chord length of 2 m and a diameter of 120 mm is simulated, a difference of 5.3% is obtained (Table 1 ). This value was considered excessive, and the chord length was adjusted to 3 m, reducing the difference to 1.6%.
The normal forces (which are support reactions) exhibit asymptotic behavior with respect to the chord length. The limiting average value was 119.5 kN, and a 3-meterlong chord produced a value of 117.7 kN, a difference of 1.5%.
An analysis of the length of the brace members was also performed. Provided that no buckling occurs, braces should be long enough for the external loading to be uniformly distributed in the cross section. A brace length of 1.5 m resulted in joint resistance values only slightly less than those obtained using 0.75 m braces. Both lengths provided adequate results, and a length of 1.5 m was adopted for the brace members. 
Finite element mesh
The simulation domain of the joint may be separated into two regions. The first is the region of intersection. This region contains the steepest stress gradient and must be refined using small mesh elements. The second region contains the ends of the members, where the stresses are more uniform and the mesh may be coarser. The mesh refinement parameters were defined for the region of intersection (referred to as the central region) and the region of support (the far field region).
A study was performed to determine the mesh refinement necessary to provide an accurate simulation while minimizing the processing time. The central region was constructed using similarly sized elements. For the far field region, two approaches were examined: uniformly discretizing the region using elements of approximately the same size and employing a geometric progression of element sizes. For the geometric progression approach, the chord was divided into 30 elements with a size ratio of 1.1. ANSYS provides both approaches for mesh generation. Figure 6 illustrates a mesh generated. A uniform refinement of the central region using 5 mm elements was used during the optimization of the mesh development in the far field region. The far field region was discretized using three approaches:
1. Uniform refinement with 5 mm element size
2. Uniform refinement with 10 mm element size 3. Geometric progression of element size, dividing the end of each member into 30 elements with a size ratio of 1.1.
The joint resistance and number of nodes results are provided in Table 2 . The joint resistance was determined from the brace loading when the diametric deformation of the chord (see Section 2.4) was 3%. The results were equivalent, independent of the far field refinement approach, confirming that the three approaches are equally suitable. However, the mesh number of nodes were very different, with the geometric progression approach resulting in a greatly reduced amount of equations, which has a direct impact on the computational cost. Table 2 Comparison of mesh refinement approaches in far field region.
The next step was to define the mesh parameters in the central region. Table 3 provides the results of simulations in which the mesh size of the central region elements was varied and a progressive geometric approach was used in the far field region. Meshes with element sizes of 3 mm and 5 mm produced practically the same result, with a 40% reduction in the element size producing a difference in the results of less than 3.5%. For this reason, a 5 mm element size was used for the central region. This refinement level, combined with the geometric progression approach in the far field regions, led to results very similar to those of the 3 mm mesh with a reduced computational effort.
Some researchers (for example, Lee and Wilmshurst 1996) have recommended that the elements in the central region have a size equal to the chord thickness, which in the simulations presented herein is 5 mm. This confirms the choice of this refinement level. Table 3 Comparison of mesh refinement in central region.
Load step
The numerical simulations applied the external forces and displacements in incremental load steps. In these simulations, the loads were applied as displacements in the compression braces. The final displacement and the number of steps were defined at the beginning of the simulation. The size of the load step is important for the joint resistance computation because the joint may fail between steps. For example, in the search for the load producing a diametric deformation (see Section 2.4) of 3%, the applied load may fall anywhere within a selected level of precision, which in this case would be between 2.95% and 3.05%.
The default number of steps was set at 50. When the simulation results fell outside the accepted range, repeated simulations were performed using more steps until the results were in range. The total displacement must be chosen carefully, or even 50 steps might not be sufficient.
Another important issue related to the load step is the solution convergence process within ANSYS. The solution is determined at each load step by solving nonlinear equations using the NewtonRaphson method. The greater the load step, the greater the difficulty in obtaining convergence with this method, and in some cases, the solutions do not converge. For better convergence, the line search option in ANSYS was set to be true.
Failure Criteria
The joint resistance was defined as the brace axial force at which one of the following failure criteria was reached:
• A peak in the load-displacement curve;
• A diametric deformation in the chord of 3%;
• Brace failure in tension, compression, or buckling.
These criteria are internationally recognized, and the work of van der Vegte and Makino (2004) may be cited as an example of work using similar criteria. A limited diametric chord deformation criterion is proposed as an extension of Lu's deformation criterion (Lu et al. 1994) .
Because of plasticity effects, there is a point in the loading at which the support reactions do not increase with further increases in the imposed displacement. This peak in the load-displacement curve indicates the maximum joint resistance.
An important criterion known as Lu's deformation (Lu et al. 1994 ) defines the joint resistance as the force at which the diametric deformation of the chord reaches 3% of the chord diameter. Lu's deformation is computed as the relative vertical displacement of the points indicated as A and B in Figure 7a . Herein, we have proposed to extend Lu's criterion to multiplanar joints. The proposed criterion describes the ovalization of the chord cross section. The criterion is given by the relative displacement of diametrically opposed nodes divided by the chord diameter:
where μ 1 and μ 2 are the horizontal displacement of nodes B and B' indicated in Figure  7a or the vertical displacement of nodes A and A', also indicated in Figure 7a . Figure  8 illustrates the diametric deformation in the vertical and horizontal directions. The diametric deformation was limited to 3%. It is important to observe that the diametric deformation in the vertical direction is similar to Lu's deformation when applied to K joints, resulting in equivalent results. This equivalence was confirmed by the authors in a numerical study of 31 uniplanar K joints, in which the maximum difference in the joint resistance obtained from the two deformation measures was less than 3%.
This modified criterion was necessary for the assessment of multiplanar KK joints for which no equivalent criterion was provided in literature. This criterion, as an extension of Lu's, is also suitable for uniplanar K joints, what would permit both K and KK joints to be compared under the same criteria. This is an interesting aspect since most standard design specifications define the KK joint resistance by multiplying the resistance of the corresponding K joint by a correction factor. The failure mode is directly influenced by the diametric deformation behavior. Failure mode 1 is characterized by more prominent deformation in the horizontal direction, whereas failure mode 2 is the result of greater deformation in the vertical direction. This observation is used in Section 4 to define an objective criterion for identifying the failure mode of KK joints.
Brace failure may occur before the joint violates any of the previous criteria, in which case the joint resistance is limited by the brace. In this work, the simulated joints were designed to exclude brace failure.
Validation of the Numerical Model
The numerical model was validated by comparing the output of the model to the results of Lee and Wilmshurst (1996) ,
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who validated their simulations against laboratory tests. That study is summarized in Table 4 , in which the symbols used are defined in Figure 1 . The joints have the following common data: the in-plane angle between braces and the chord q i =60°, the same for both braces; angle between the two planes j=60°; chord diameter D=120 mm; chord thickness t 0 =5 mm; braces thickness t i =4 mm; eccentricity of the two planes e t =0. They vary on: brace diameter d i ; longitudinal gap g l ; transversal gap g t ; β parameter, which relates the braces diameter to the chord's. These values are indicated in Table 4 , which also presents: F authors , the joint resistance computed in this work; F ref , the values of Lee and Wilmshurst (1996) ; the difference between them; and the joint resistance calculated using the Eurocode 3 (2005). It also brings the failure mode identified by Lee and Wilmshurst (1996) and identified following the criterion presented later in Section 4. Table 4 -Data from simulated joints.
The results correlated well, except in the case of joints with smaller longitudinal gaps between the braces, i.e., joints SKK-07 and SKK-12. The deviation in the results may occur because the numerical model of Lee and Wilmshurst (1996) included a simulated weld that was omitted in the present work. The presence of the weld results in a smaller net distance between the braces, and the relative reduction in the distance is greater for joints with small longitudinal gaps.
The absence of a weld in the model would also affect joints with small values of the parameter β (the brace diameter divided by the chord diameter,
In this case, the lack of a weld may lead to excessive local strains in the chord in the region where the braces connect to it. The presence of a weld would better distribute the compression and tension forces, producing smaller local strains and improving the quality of the simulation.
An objective criterion for identifying KK failure mode
Literature identifies two failure modes occurring when a KK joint is symmetrically loaded (Makino et al. 1984) . Joints with a small transversal gap usually fail in mode 1 (Figure 2a) , in which the two diagonal braces act in unison without wall deformation in the transversal gap region.
Other joints fail in mode 2 (Figure 2b) , where excessive deformation occurs near the transversal gap. These definitions are widely employed, although they are based on visual observation.
Therefore, it is important to define an objective criterion for identifying the failure mode of KK joints as mode 1 or mode 2. It is proposed to define the failure mode based on the maximum diametric deformation, instead of a visual inspection.
Failure mode 1 is characterized by the excessive diametric deformation of the chord cross section in the horizontal direction. If the diametric deformation reached 3% in the horizontal direction (Figure 8 left) , the failure is considered a mode 1 failure.
Failure mode 2 is characterized by more pronounced deformation in the region between planes, producing an edge in the chord wall. If the diametric deformation reached 3% in the vertical direction (Figure 8 right) , the failure mode is considered to be failure mode 2.
However, there are joints that present substantial diametric deformation in both directions. These joints do not provide a visually well-defined failure mode, and exhibit features of both modes 1 and 2. These deficiencies highlight the need for an objective criterion. Using the proposed criterion described, the failure mode is determined based on whether it is the horizontal or vertical diametric deformation that first reaches 3%. Lee and Wilmshurst (1996) found the value of ζ t =g t ⁄ d 0 =0.25 (see Figure 1 for geometric data) as the demarcation value between failure modes 1 and 2 and Paul et al (1994) present graphics where the failure mode changes close to the value of ζt≅0.18. The differences between these two studies may be credited to the difficulty in determining the transition of failure modes, when the connection exhibits features of both modes 1 and 2. This motivates the definition of a clear objective criterion, as proposed herein.
In Table 4 , one can observe the failure mode identified by Lee and Wilmshurst (1996) , which differs from our studies. It is caused by the adoption of different criteria. While Lee and Wilmshurst (1996) adopts the visual identification, employed herein was the objective-proposed criterion. Table  5 brings other simulations performed to this work, where the proposed criterion is also adopted. 
Conclusions
A methodology for numerical analyses of tubular KK joints is presented. The definition of the numerical model required auxiliary studies; for instance, to define the length of the chord and the necessary mesh refinement to produce sufficiently accurate results with minimal computational cost. A modified failure criterion, which is an extension of Lu's deformation, is proposed to be applied in KK joints. The model was validated by comparing the results to previously published results. The model does not account for the weld joining the braces to the chord, which prevents it from simulating joints with small gaps or small values of β=d i ⁄D.
This work also proposes an objective criterion to identify the failure mode (1 or 2) of the KK joints based on the diametric deformation of the chord, instead of the visual criterion often employed. Including a weld in the model is also possible.
